Background-National Cholesterol Education Program Adult Treatment Panel III (ATP III) guidelines recommend the use of Framingham risk scores (FRS) for cardiovascular assessment of asymptomatic individuals. We hypothesized that risk prediction could be improved with 2 non-ECG exercise test measures, exercise capacity (metabolic equivalents, or METs) and heart rate recovery (HRR). Methods and Results-An asymptomatic cohort with baseline treadmill tests (nϭ6126; 46% women, FRS Ͻ20%) was followed up prospectively for 20 years. Individuals with low (median or less) HRR or METs experienced 91% of all cardiovascular disease (CVD) deaths (225/246). After FRS adjustment, low HRR and METs individually were highly significant predictors of CVD death, but low HRR and METs together were associated with substantially higher risk (adjusted hazard ratio compared with high HRR/high METs for women 8.51, 95% CI 3.65 to 19.84; for men, 3.53, 95% CI 2.03 to 6.15; PϽ0.001 for both). At 10-year follow-up, FRS-adjusted CVD death risk associated with low HRR/low METs was less than at 20 years but remained significant (women 3.83, 95% CI 1.09 to 13.47, and men 2.70, 95% CI 1.11 to 6.55). The application of HRR/METs information to FRS assessment identified those at high risk (Ͼ0.5% annual CVD mortality) in half of women with FRS 6% to 9% and 10% to 19% and just under half of men with FRS 10% to 19%. Low HRR/low METs was also associated with an increased relative risk of CVD death in individuals with low-risk FRS (FRS Ͻ6% in women and Ͻ10% in men), but absolute CVD mortality rates were low in this subgroup. Conclusions-Exercise testing may be a useful adjunct for clinical risk assessment in asymptomatic women with FRS 6% to 19% and men with FRS 10% to 19%. (Circulation. 2005;112:1566-1572.) 
cornerstone in tailoring the intensity of risk factor reduction to overall risk. 1 Traditional risk factors that comprise the Framingham Risk Score (FRS) are the foundation for estimating risk in asymptomatic individuals. 2 Although coronary heart disease (CHD) accounts for more than half a million deaths annually in the United States, 3 most of the American adult population is at low or intermediate risk on the basis of the FRS. 4 Recent National Health and Nutrition Examination Survey (NHANES) data found that 5% of men and Ͻ1% of women have 10-year FRS scores for hard CHD events Ͼ20%. 5 Although many individuals, especially women and younger individuals, may have low or intermediate risk over a 10-year horizon, a substantial proportion of them are at significantly increased risk in the long term. 4, 6, 7 Additional risk assessment with exercise testing has been proposed to identify individuals at intermediate FRS risk who may benefit from risk factor reduction, yet the high rate of false-positive ischemic ECG responses in asymptomatic populations has prevented its widespread recommendation. 4,8 -11 Recent studies suggest that risk prediction of exercise testing is improved when variables other than exercise-induced ischemia are used, [12] [13] [14] [15] [16] [17] [18] [19] yet no study has examined the predictive value of non-ECG exercise test parameters beyond FRS scoring for prediction of fatal CVD in low-or intermediate-risk asymptomatic populations. The purpose of the present study was to evaluate whether 2 measures obtained from exercise treadmill testing, exercise capacity (metabolic equivalents [METs] ) and heart rate recovery (HRR), could provide incremental prognostic value for cardiovascular mortality in asymptomatic individuals at low or intermediate FRS risk.
Methods

Study Participants
Participants were derived from the Lipid Research Clinics Prevalence Study, a prospective cohort of North American men and women across 10 different geographic locations, from diverse socioeconomic and occupational groups. 16, 20, 21 Individuals were screened at visit 1 for triglyceride and cholesterol levels. All those screened at visit 1 who had elevated lipids, plus a 15% random sample of visit 1 participants, were invited back for visit 2 for a baseline history, physical examination, fasting blood samples, and an exercise treadmill test. Most participants in this analysis (60%) came from the nonhyperlipidemic sample.
Altogether, 8652 of 13 852 individuals who were screened at visit 2 underwent exercise tests (1972) (1973) (1974) (1975) (1976) . Of these, 2526 individuals were excluded from the present analysis. Excluded individuals included those with exercise duration Ͻ1 minute (to reduce potential confounding by preexisting disease or severe comorbidities); those with known or suspected CVD (myocardial infarction, angina, stroke, left ventricular hypertrophy, or digitalis use); those with FRS Ն20%; those with known diabetes mellitus or fasting glucose Ն7.0 mmol/L (126 mg/dL), because Regular exercise indicates self-reported participation in regular exercise or hard labor; STD, ST-segment depression during the last stage of exercise or recovery; HR, heart rate; and adequate maximal HR, maximal HR during exercise Ն90% of target heart rate.
Values for continuous variables shown as meanϮSD. High HRR/High METs indicates HRR and exercise capacity more than sex-specific medians. Low HRR or METs is either HRR or METs more than sex-specific medians; Low HRR/Low METs, both HRR and METs less than or equal to sex-specific medians; regular exercise, self-reported participation in regular exercise or hard labor; STD, ST-segment depression during the last stage of exercise or recovery; HR, heart rate; and adequate maximal HR (heart rate) is maximal heart rate during exercise Ն90% of target heart rate.
Values for continuous variables shown as meanϮSD.
such individuals are considered CHD equivalents 1 ; and those with missing FRS or exercise test data. We also excluded baseline age Ͻ30 or Ͼ70 years, treadmill test other than Bruce protocol, and those lost to follow-up (nϭ6). Of the 6126 participants in the present study, 54% were not included in a previous report from the Lipid Research Clinics on exercise testing. 12 Follow-up was until death or December 31, 1995. The primary outcome was CVD death, ascertained with death certificates, interviews with next of kin, medical records, the National Death Index, and the Epidemiology Research Index. 16 Secondary outcomes were CHD death and non-CVD death, ascertained in a similar manner to CVD death. All participants gave written informed consent at the time of enrollment. The study was approved by the Johns Hopkins Institutional Review Board.
Exercise Test Protocol
Participants underwent standard Bruce treadmill protocol exercise tests. 22 The test was terminated when a predetermined target heart rate of Ն90% of maximal predicted heart rate for age and physical activity level was attained. 23 In addition, the test could be terminated early at the discretion of the supervising physician for significant symptoms, arrhythmias, or hemodynamic or ST-segment changes, or if the participant was unwilling or unable to continue.
Exercise Test Variables
Peak exercise capacity, expressed in METs, was estimated from treadmill time. 22 HRR was defined as the heart rate at peak exercise minus the heart rate at 2 minutes after exercise, in beats per minute (bpm). 24 Ischemic ECG changes were defined as exercise-induced horizontal or downsloping ST-segment depression of Ն1 mm from baseline that occurred in the last stage of exercise or recovery.
Framingham Risk Scores
Sex-specific Framingham equations for 10-year absolute risk of hard CHD events (myocardial infarction or CHD death) based on the third report of the National Cholesterol Education Program's Adult Treatment Panel III (ATP III) were used to calculate FRS values at baseline. 2 Risk categories were defined according to FRS values of Ͻ6%, 6% to 9%, and 10% to 19%. 2, 9 Serum lipid levels were determined from fasting samples from visit 2. Smoking was defined as cigarette smoking at visit 2. Hypertension was defined as baseline systolic blood pressure Ն140 mm Hg, diastolic pressure Ն90 mm Hg, or treatment for hypertension. Medication use was assessed from questionnaires or examination of medications by trained interviewers.
Statistical Analyses
STATA software (version 8.2) was used for statistical analyses. 25 All analyses were stratified by sex. MeanϮSD values were calculated for continuous variables, and statistical comparisons were made with Student t tests or ANOVA. Categorical variables were compared by contingency tables and 2 statistic. All significance tests were 2-tailed, with probability values Ͻ0.05 considered significant. FRS was analyzed as a continuous and categorical variable. Sex-specific medians for peak METs and HRR were used to define 3 HRR/METs groups: (1) high HRR/high METs: both METs and HRR above the median; (2) low HRR or METs: either METs or HRR at or below the median; and (3) low HRR/low METs: both METs and HRR at or below the median.
FRS-adjusted Cox proportional hazards models were used to estimate the independent association of the 3 HRR/METs groups with time to death. The proportional hazard assumption was tested and satisfied with Schoenfeld residuals. To test the hypothesis of an incremental prognostic value for the addition of exercise test variables to FRS, we used likelihood ratio tests to determine whether models that included FRS and HRR/METs provided a significantly better fit than models limited to FRS alone. Interaction terms were used in regression models to test for interaction, and 2 statistical tests for interaction were obtained from likelihood ratio testing of models with and without interaction terms. We further explored the extent to which HRR/METs information may be used to move subjects from a risk of CVD death of Ͻ5/1000 (0.5%) per year to a risk of Ͼ5/1000, a rate used in recent European Task Force guidelines. 26 An annual CVD death rate of 0.5% corresponds approximately to an annual hard CHD rate of 1.0%, because incident hard CHD events are twice as frequent as CVD deaths. 6
Results
Baseline Characteristics
The cohort was middle-aged and mostly white ( Table 1) . Mean LDL cholesterol and triglyceride values were higher than current national averages, although the prevalence of hypertension and obesity was lower. MeanϮSD FRS values for men and women were 6.4Ϯ5.4% and 1.9Ϯ2.6%, respectively (PϽ0.0001), both of which are considered low risk by ATP III. Sex-specific medians for HRR were 56 and 55 bpm for women and men, respectively, and for METs, they were 7.5 and 10.7, respectively. Individuals with low HRR/low METs were substantially older, had higher FRS, and were less likely to participate in regular exercise ( Table 2) than those with high HRR or high METs. They also had more exercise test abnormalities, such as exercise-induced ischemia and inability to reach 90% or more of target heart rate. Only 19 individuals (0.3%) were taking ␤-blockers or medication for irregular heart rate.
Kaplan-Meier Curves by HRR/METs
During a mean follow-up period of 20.5Ϯ3.6 years, there were 749 all-cause deaths. Fatal cardiovascular events occurred in 145 men (4.4%) and 101 women (3.6%), with 91% of these deaths (225/246) occurring in individuals with low HRR or low METs. Over the first 10 years of follow-up, there were 50 CVD deaths in men and 30 in women. Kaplan-Meier curves for survival free of CVD death diverged early in follow-up and continued to diverge for the group with both low HRR and low METs compared with the other 2 groups (Figure 1 ). Survival curves for those with either low HRR or low METs separated late in follow-up in both sexes.
Relative Risk of CVD Death by HRR/METs and FRS
HRR and METs separately were highly significant predictors of fatal CVD. After adjustment for FRS categories (FRS Ͻ6%, 6% to 9%, and 10% to 19%), hazard ratios for low compared with high METs for women and men, respectively, were 3.09 (95% CI 1.90 to 5.05) and 2.59 (95% CI 1.74 to 3.87; PϽ0.001 for both sexes). Similarly, the FRS-adjusted hazard ratios for low HRR for women and men, respectively, were 3.25 (95% CI 2.02 to 5.24) and 1.99 (95% CI 1.37 to 2.89; PϽ0.001 for both sexes).
When both HRR and METs were low (Table 3) , the FRS-adjusted hazard ratios for women and men were higher, especially at 20-year follow-up (adjusted hazard ratios, respectively, were 8.51, 95% CI 3.65 to 19.84, and 3.53, 95% CI 2.03 to 6.15, PϽ0.001 for both sexes). There was no statistically significant interaction between HRR and METs categories for CVD death. When the 10-and 20-year follow-up hazard ratios were compared, the relative effect of FRS appeared to lessen with time, whereas that of HRR/METs appeared to increase. However, there was no statistically significant interaction between HRR/METs and follow-up period for the outcome of CVD death (P interaction ϭ0.83 and 0.47 for men and women, respectively). There was a borderline statistically significant interaction of sex and HRR/METs (P interaction ϭ0.08). Likelihood ratio tests comparing Cox regression models that included HRR/METs and FRS to models limited to FRS alone showed a highly statistically significant improvement to risk prediction for both sexes with the addition of HRR/METs, although the magnitude of improvement was stronger with longer duration of follow-up (PϽ0.0001 for both sexes). At both 10-and 20-year follow-up, HRR/METs additionally stratified the relative risk for CVD death across all FRS categories, even after further adjustment for the range of FRS values within each FRS category (Figure 2 ). For individuals with FRS Ͻ6%, the impact of having low HRR/low METs on the relative risk of CVD death was somewhat higher after 20 years than 10 years (adjusted hazard ratio compared with individuals with high HRR/high METS, at 20 years: 7.86, *Hazard ratios and 95% CIs were obtained from sex-stratified multivariate Cox proportional hazards models that included FRS and HRR/METs groups together in the same models. FRS Ͻ6% was the reference group for FRS categories, and high HRR/high METs was the reference group for HRR/METs. Likelihood ratio tests compared whether models with FRS and HRR/METs provided a better fit than models with FRS alone. P trend was for test of significance across groups of FRS or HRR/METs. 95% CI 3.73 to 16.56, PϽ0.001; at 10 years: 3.29, 95% CI 1.05 to 19.36, Pϭ0.04). In the group with FRS 6% to 19%, the relative risk of low HRR/low METs was similar and highly statistically significant (PϽ0.001) at both 10-and 20-year follow-up.
Absolute Risk of CVD Death by HRR/METs and FRS
Average annual CVD mortality rates (per 1000 person-years) stratified by HRR/METs and FRS categories are shown in Table 4 . Men with FRS Ͻ10% and women with FRS Ͻ6% had low absolute CVD mortality rates (Ͻ5/1000 or 0.5% per year), regardless of their HRR/METs. For individuals with FRS 6% to 19%, exercise testing clearly identified individuals with high absolute CVD mortality rates (Ͼ5/1000 per year, rates that are considered high risk by European Task Force guidelines and that correspond to rates of hard CHD events Ͼ1% per year 6, 26 ).
In men with FRS 10% to 19%, those with low HRR/low METs (399/847 or 47%) were identified as high risk on the basis of annual CVD mortality rates Ͼ5/1000. Similarly, for women with FRS 6% to 9% and 10% to 19%, those with low HRR/low METs (70/134 or 52% of women with FRS 6% to 9% and 34/62 or 55% of women with FRS 10% to 19%) were identified as high risk on the basis of annual rates Ͼ5/1000. Women with FRS 10% to 19% and either low HRR or low METs had a trend toward higher annual CVD mortality rates, but the confidence interval included values Ͻ5/1000.
ST-Segment Depression
When exercise-induced ST-segment depression Ն1 mm was added to the models in Table 2 that included FRS and HRR/METs, there was increased risk associated with STsegment depression in men but not in women (adjusted hazard ratio for ST depression at 20 years for men 2.26, 95% CI 1.28 to 4.01, Pϭ0.005, and 1.47, 95% CI 0.73 to 2.93, Pϭ0.29 for women). At 10-year follow-up, there was a trend for increased risk in men (Pϭ0.06), and ST-segment depression remained nonsignificant for women (Pϭ0.99).
CHD Death, Non-CVD Death, and All-Cause Death
In secondary analyses for CHD death with models similar to those in Table 2 for 20-year follow-up, the adjusted hazard ratios for HRR/METs categories for CHD death in men were similar to those for CVD death. The hazard ratios for HRR/METs categories and CHD death in women were greater than those for CVD death, with a statistically significant interaction between sex and HRR/METs ( 2 ϭ5.99, P interaction ϭ0.01). Women with low HRR/low METs had nearly 30-fold increased risk of CHD death compared with women with high HRR/high METs, after adjustment for FRS categories (Pϭ0.001).
When similar analyses were performed for non-CVD death and for all-cause death at 20 years, the adjusted hazard ratios for HRR/METs for men and women were highly significant, and both were similar in magnitude to results for CVD death in men, with no significant interactions with sex. There were no significant interactions between high LDL cholesterol and HRR/METs with respect to any of the mortality outcomes.
Discussion
In this large, prospective North American cohort of asymptomatic individuals followed up for more than 2 decades, we found that 2 easily obtained non-ECG measures from exercise testing (HRR and METs) were strongly predictive of CVD death, incremental to FRS, and valid across FRS risk categories Ͻ20%. Using annual CVD mortality rates, we estimated that half of women and just under half of men with FRS 10% to 19%, plus half of women with FRS 6% to 9%, would be reclassified as high risk on the basis of having low HRR/low METs, thus providing clinically important risk information.
The US Preventive Services Task Force recently concluded that exercise testing had poor to fair accuracy in predicting events in asymptomatic individuals based on ECGs. 10 Although several studies have previously examined the prognostic relevance of exercise tests, [12] [13] [14] [15] [16] [17] [18] 20, [27] [28] [29] [30] [31] only a few studies analyzed how non-ECG exercise variables add to FRS estimates. 19, [32] [33] The present study differs from previous studies by focusing on low-intermediate risk individuals and by examining fatal cardiovascular outcomes in a very large number of men and women with lengthy follow-up. In one previous study, exercise capacity in women predicted all-cause mortality after adjustment for FRS, but CVD data were unavailable. 32 In a recent Cleveland Clinic study of asymptomatic individuals, low HRR and low METs were significant predictors of all-cause mortality after global risk adjustment, but they were clinically useful only in those with highest global risk. 19 However, the study may have been underpowered to detect clinically meaningful differences in lower-risk individuals compared with the present study. In addition, their sample was self-referred, and there were no cardiovascular outcome data. 19 The Framingham Study recently reported that among asymptomatic men, additional prognostic information in FRS-adjusted models was obtained by ST-segment depression, failure to reach target heart rate, and decreased exercise capacity. 33 These exercise test variables did not yield incremental prognostic information in women or low-risk men, but there were few CHD events in women. 33 One potential strategy to apply exercise testing in the general population would be to screen individuals with intermediate risk (FRS 10% to 19% or 6% to 19%). 9 The present data suggest that the impact of adding an exercise test to risk prediction would be to additionally identify as "high risk" (based on an annual CVD mortality rate Ͼ0.5%) a substantial proportion of individuals with FRS scores between 6% and 19%. Even though there were only 74 women in the FRS category of 10% to 19%, having a low HRR and low METs was a highly significant predictor in both men and women across all FRS categories. HRR/METs data may be used to inform clinicians' decisions about the optimal degree of primary prevention. Although exercise testing also riskstratified those with FRS Ͻ6%, their absolute CVD mortality rates were low, and thus exercise testing in this low-risk group may not provide important clinical information. The present study offers further data in women and men to support the call for a clinical outcomes trial that addresses survival benefit using targeted risk factor reduction and improved fitness strategies based on exercise testing. 34 There are several limitations to the present study. One limitation is the generalizability of our risk estimates to nonwhites, even though the cohort was recruited from different geographic sites with a range of socioeconomic and occupational status. 20, 35 Another limitation is that 40% of the participants were enrolled on the basis of lipid abnormalities. Despite the higher prevalence of dyslipidemia in this cohort, their mean FRS values and mortality rates were similar to those found in populations not enriched with lipid abnormalities, 6 with no significant interaction between high LDL cholesterol and mortality. The exercise test protocol used in the present study was a submaximal Bruce protocol, with termination at 90% of maximal predicted heart rate, and it is unclear whether our results would apply to other types of stress protocols. Our findings potentially may not be as applicable to soft CHD end points, such as angina or nonfatal myocardial infarction. A recent study suggested that exercise capacity was more predictive of fatal than nonfatal CVD events, although the potential mechanisms are unclear. 36 Even in this large cohort, there were very few deaths in the high HRR/high METs group (the reference group), which may have resulted in large confidence intervals for some hazard ratios, such as those for CHD death in women. Finally, there are currently no large, randomized trials that show the clinical utility of screening exercise tests.
In conclusion, non-ECG exercise test results (HRR and METs) added important and incremental prognostic information to FRS in predicting fatal CVD in low-and intermediaterisk individuals. The application of these 2 simple, noninva- sive exercise measures to individuals with FRS 6% to 19% may identify a significant proportion of individuals who are at high risk but who would have been classified as at low or intermediate risk by FRS alone. Selective use of exercise testing may help tailor primary prevention strategies that would match the level of risk to the intensity of therapy, with the potential to help close the sizable gap between detection of and death due to CVD.
